Risk assessment currently lacks reliable tools that can be applied across a range of environmental contexts to predict the success and impact of invasive species. A comparative functional response approach may offer insight and predictive power regarding the impacts of invasive bivalves. This could prove valuable in the management of invasive species that drive losses in ecosystem function and biodiversity. We conducted feeding experiments to assist in predicting the relative impact of two sympatric species of dreissenid mussel, the zebra and quagga (Dreissena polymorpha and D. rostiformis bugensis, respectively). Feeding rates and functional responses were calculated for each species under different 'contexts', including ranges of algal concentrations and temperatures. Clearance rates ranged from 10 to 44 ml/g mussel/h. Both species exhibited type I functional responses across all contexts studied. There were no differences in the clearance rates or functional responses between species at 4°C and 12°C. Thus, the competitive exclusion of zebra mussels by quagga mussels seen in nature does not appear to be driven by disparities in feeding efficiencies. Both species demonstrated elevated functional responses at the highest temperature (24°C) compared with the lowest temperature (4°C). Zebra mussels showed a significantly higher clearance rate than quagga mussels at 24°C. We conclude that total species abundance, rather than changes in species dominance, is likely to be more important for net species impact. Functional responses may offer considerable explanatory and predictive power under certain contexts; they are particularly fitting for sessile invasive bivalves due to their high feeding rates and the seasonal changes in algae abundance they experience.
INTRODUCTION
The management of invasive non-native species (INNS) is crucial for the preservation of global biodiversity and ecosystem function (Clavero & Garcia-Berthou, 2005; Butchart et al., 2010; Walsh, Carpenter & Vander Zanden, 2016) . Adverse effects of invasive species are magnified by the fact that many of the most potent invasive species act as ecosystem engineers-species known to create, significantly modify or destroy a habitat. Invasive ecosystem engineers are capable of driving severe and wide-ranging changes in ecosystem function and services that extend across multiple trophic levels (Crooks, 2002; Sousa, Gutiérrez & Aldridge, 2009) . Freshwater systems are especially vulnerable to stressors and their ecological responses are difficult to predict (Capon et al., 2013) . The sensitivity of freshwaters is enhanced by the propensity for some disturbed systems to shift to alternate stable states in which ecosystem function is fundamentally altered (Scheffer, 1990; Shin-Ichiro et al., 2009) .
Among the most destructive freshwater invasive ecosystem engineers are zebra and quagga mussels (Dreissena polymorpha (Pallas, 1771) and D. rostriformis bugensis Andrusov, 1897 respectively), which drive dramatic ecological change (Keller, Frang & Lodge, 2008) and are costly biofouling pests (Elliott et al., 2005) . Invasive dreissenid mussels and other high impact INNS typically use resources more rapidly and efficiently than native species (Barrios-O'Neill et al., 2014) and this is often a driver for dramatic direct and indirect changes to community structure and ecosystem function. The study of quagga mussels is particularly timely in view of their currently rapid spread across Western Europe (Aldridge, Ho & Froufe, 2014; Karatayev, Burlakova & Padilla, 2015) .
In many habitats once dominated by zebra mussels there has been a displacement by quagga mussels (Ram et al., 2011; Karatayev et al., 2015; Marescaux et al., 2015) . How this dominance shift can occur within relatively short time frames is unclear. Greater thermal resilience of quagga mussels at low temperatures may be contributing, as they are capable of spawning at temperatures as low as 5°C, compared to 12°C for zebra mussels (Sprung, 1987; Roe & Macisaac, 1997) . This may permit quagga mussels to competitively exclude zebra mussels under certain conditions, as they show faster growth and earlier seasonal juvenile settlement (Baldwin et al., 2002) . Conversely, zebra mussels possess a higher upper thermal limit (Spidle, May & Mills, 1995) . This variation in thermal resilience may ultimately lead to important disparities in the long-term distribution of these species (Quinn, Gallardo & Aldridge, 2014) . Contextdependency also appears to be extremely important in predicting invader success. For example, Alexander et al. (2015) showed that algal consumption in the invasive Semimytilus algosus was dependent on both concentration of algae and temperature. Further, the fact that zebra mussels remain dominant over quagga mussels in some habitats, but not others, highlights the importance of context specificity to invader success and ultimately the impact on ecosystem function.
Historically a great deal of invasion science has been directed towards understanding and documenting the effects and changes caused by introduced species. While the resulting data are desirable, greater focus on developing predictive methods and tools is required to facilitate reliable predictions of net environmental impact and inform management decisions. The lack of predictive methods is an issue that is amplified for ecosystem engineers due to the complexity and scope of changes that occur following invasions. The majority of predictions are largely dependent on the known ecological effects of previous invasions-the 'invasion history' (Kulhanek, Ricciardi & Leung, 2011) . A weakness of the 'invasion history' approach is that it relies on the existence of reliable analogous data, which are often unavailable. This is particularly challenging when faced with a novel invasive or potentially invasive species.
An emerging predictive tool in invasion biology is the use of functional responses (FR), which describe the relationship between resource availability and consumption rate. The FR of an organism can help to quantify trophic interactions and provide information on predator-prey relationships (Holling, 1959) . Functional responses can be classed as either type I, II or III. Type I represents a linear relationship between resource availability and consumption rate and is common among filter feeders, such as bivalves (Jeschke, Kopp & Tollrian, 2002) . In a type II response the gradient of the curve decreases with increasing resource density, eventually reaching a plateau. The assumption is that the consumer is limited by its capacity to process the resource (e.g. prey). Type III describes a sigmoidal relationship where the gradient of the curve increases initially but then decreases at higher resource densities; as with type II, saturation occurs at high resource density.
Recent studies have shown that using comparative FRs to predict invader impacts can be both accurate and effective (Laverty et al., 2015; Paterson et al., 2015; Dick et al., 2017) . Further, FRs may help to fill a void in the increasingly common scenario of making predictions and taking preventative action against a seemingly potent new invader for which there is zero or negligible invasion history. A valid criticism of both the invasion history and FR approaches is that they are highly context-dependent. We argue that the incorporation of abiotic and biotic factors into context-specific FRs can help to finetune a predictive model of invader impact and mitigate this issue.
Interactions between non-native organisms are gaining more interest in explaining and predicting the success and impact of invasive species (e.g. Gallardo & Aldridge, 2015) . While there has been considerable effort in comparing FRs between invasive and native counterparts (Dick et al., 2017) , currently no study has attempted to use FRs to compare objectively invasive species that occupy the same ecological niche.
Strong competition, primarily in the form of limiting food and nutrient resources, as well as habitat availability, appears to exist between zebra and quagga mussels (Molloy et al. 1997; Karatayev et al. 2015) . This assertion is further supported by the displacement of zebra mussels by quagga mussels, as described above, a phenomenon that is unlikely to occur without competitive pressure. It is important to note that impact, i.e. effects on recipient systems (e.g. resource availability), is distinct from the competitive interactions that may occur between the two NNS. This study does not aim to measure the level of competition exerted by either species; instead we assume competition in environments where both species coexist and aim to understand what the relevant ecosystem impacts may be under various contexts. Due to the apparent strong competition between the species and their high impact, it is an obvious avenue of research to explore with FRs, as they permit comparative study within a robust framework .
Previous research comparing feeding rates of zebra and quagga mussels has yielded conflicting results and there is little consensus on whether genuine differences exist (e.g. Ackerman, 1999; Diggins, 2001; Baldwin et al., 2002) . While some studies have sourced sympatric mussels (Ackerman, 1999; Diggins, 2001 ), others have not done so (Baldwin et al., 2002) , owing to the high phenotypic plasticity that both species exhibit (Ventura et al., 2016) . It is a great advantage to study sympatric animals in order to minimize population-level differences and increase the likelihood of detecting species-level differences. Therefore, we investigated whether context-specific differences in resource use exist between sympatric zebra and quagga mussels, through the measurement of FRs across a range of temperatures and algal concentrations. Algal concentrations were chosen to represent the entire range of trophic states of freshwater lakes, from oligotrophic to hyper-eutrophic. This allows the application of findings across biologically relevant contexts. We compared FRs by conducting laboratory experiments where algal cells consumed were measured and resultant clearance rates (CR; volume of water cleared of suspended particles per unit of time) were calculated. We tested the following hypotheses: (1) both species will exhibit type I FRs under most contexts; (2) feeding rate will plateau at high algal concentrations; (3) quagga mussels will exhibit higher feeding activity at low temperatures and zebra mussels will exhibit higher feeding activity at high temperatures.
MATERIAL AND METHODS

Study specimens
Study animals were collected in February 2017 by dredge from the littoral zone of Thames Water reservoirs (Walthamstow, London) where both Dreissena polymorpha and D. rostriformis bugensis exist sympatrically. Mussels were transported to the laboratory in site water and subsequently kept in well-aerated aquaria at ambient temperature (12°C) for one week before entering experimental acclimation. Shell length (SL) was measured with vernier calipers and a size class of 18-30 mm was selected for the study. This size range was selected to ensure that similar-sized mussels of both species could be compared. As individual length and weight may affect clearance rates, all subsequent analyses of data accounted for mussel weight. Mussel wet weights were recorded (AB54-S Analytical Balance, Mettler Toledo, Columbus, OH).
Chlorella vulgaris, a ubiquitous green alga that is readily consumed by both species, was chosen for the feeding suspension. Algal cultures were grown out at the Algal Innovation Centre (University of Cambridge, UK) until algae reached an exponential growth phase and were sufficiently concentrated.
Determining algal concentration
Algal concentrations were determined using a fluorometer (Aquafluor Handheld Fluorometer, Turner Designs, Sunnyvale, CA) calibrated with cell counts from a Coulter counter (Z series coulter counter, Beckman Coulter, Brea, CA). Measuring chlorophyll a (Chl a) is a well-established proxy for obtaining reliable algal concentrations; this was supported by preliminary Coulter counter cell-density measurements, which correlated very closely with the fluorometry measurements (r 2 = 0.991, P < 0.001). This calibration method also permitted us to convert Chl a measurements into estimated cell counts for use in classifying FR types. This is particularly useful as FRs are typically applied to predator-prey relationships and thus the numbers of algal cells consumed are more appropriate to use than CRs. However, as CRs represent a proportional change in algal concentrations, they provide additional information about feeding activity.
Experimental design
Laboratory studies were conducted to obtain CRs and FRs for both D. polymorpha and D. rostriformis bugensis. Experiments took place over the course of 2 h under six different algal concentrations (10, 20, 50, 100, 150, 200 μg/l Chl a) and three temperature conditions (4°C, 12°C and 24°C). Mussels were given a week to acclimate in constant temperature rooms to new temperatures before experiments were started. A total of three replicates were used for each condition (species and algal concentration) resulting in 72 1-l plastic beakers used in each temperature regime.
Prior to starting feeding experiments, C. vulgaris cultures of known concentration were dosed into aquaria with dechlorinated tap water to achieve approximate desired concentrations and a total volume of 500 ml. The shell surfaces of mussels within the predetermined size class and of the desired species were then cleaned of organic matter with a scourer. After measurement of initial algal concentrations, four mussels were added to each beaker and experiments were started. Prior control experiments conducted in the absence of mussels showed no significant change in algal concentration as a result of gravitational settling at any of the experimental levels and therefore it was not necessary to make adjustments for settling.
Clearance rates
Clearance rates were calculated by comparing the algal concentration at the start and end of experiments. Recorded wet weights of individuals were incorporated into the CR calculation to control for size differences across replicates and treatments. CRs were calculated using the equation below (adapted from Riisgård, 2001) .
Where Vol is the volume of water used (ml), W is mussel wet weight (g), t is time (h), Cinitial and Cfinal are the initial and final algal concentrations.
Functional responses
Functional response type was determined using linear-regression analysis performed on algal cells consumed across algal density conditions. Type I functional responses are typical for filter feeders and describe a linear relationship between food density and food consumption rate; therefore reasonable goodness of fit provides support for the presence of a type I FR.
RESULTS
Species and temperature effects
No differences were detected between species in the number of algal cells consumed ( Fig. 1 ; test conducted on Box-Cox transformed data to meet ANCOVA assumptions; ANOCOVA F 1,82 = 3.332, P = 0.071) and there was no significant interaction between species and temperature (F 1,82 = 3.129, P = 0.085). A significant temperature effect was found (F 1,86 = 13.12, P < 0.001) and post hoc pairwise comparisons by Tukey tests showed that the significant temperature effect existed for the 4 and 24°C comparison only (P = 0.001).
Clearance rates
Comparisons of clearance rates yielded similar results to comparisons of algal cells consumed. Linear regression analysis performed on CRs of both species at all temperatures showed that only the 4°C zebra mussel condition produced a slope marginally significantly different from zero (F 1,13 = 7.493, P = 0.039; adjusted R 2 = 0.317). Further analysis of CRs revealed a significant species effect in the 24°C condition ( Fig. 2; ANCOVA; F 1,27 = 10.51, P < 0.001), with zebra mussels showing a higher clearance rate. In the 4°C condition, both species showed significantly lower CRs than the 12°C (ANCOVA; F 1,69 = 6.297, P = 0.014) and 24°C conditions (ANCOVA; F 1,69 = 15.02, P < 0.001).
Functional responses
Linear regression analysis performed on cells consumed across algal densities produced reasonable goodness of fit ( 
DISCUSSION
Our study represents the first comparison of the FRs of Dreissena polymorpha and D. rostiformis bugensis and uses sympatric populations. The most salient findings are: (1) feeding rates for both species were reduced dramatically at low temperatures; (2) functional response type (type I) appears to be robust to changes in both algal concentration and temperature; (3) zebra mussels exhibited a significantly higher CR than quagga mussels at 24°C. Bivalve metabolism decreases with declining temperature (Burky, 1983; Polhill & Dimock, 1996) and helps to explain our observed relationship between temperature and feeding rates. We hypothesized that quagga mussels would remove more algae than zebra mussels at low temperatures, however our recorded FRs provide no support for this at either the 4°C or 12°C level. Our hypothesis was based on the knowledge that quagga mussels frequently competitively exclude zebra mussels and colonize the colder profundal zone of lakes in very high densities (Mills et al., 1993; Nalepa, Fanslow & Lang, 2009; Pavlova, 2012) , while zebra mussels are scarce in such conditions (Claxton et al., 1998) .
While no differences were detected for cells consumed (Fig. 1) , there was a generally elevated FR for quagga mussels above zebra mussels in the 24°C treatment. This was matched by a significantly higher CR for zebra mussels than quagga mussels in this treatment (Fig. 2) . Our interpretation is that there may be a species effect in FRs at 24°C, which is being masked by the high variation in cell counts, in part because millions of cells are being consumed. As CRs represent a proportional change, this measure may be less influenced by such noise. Given the higher upper thermal limit displayed by zebra mussels than quagga mussels (Spidle et al., 1995) , we might anticipate greater FRs and CRs for zebra mussels at 24°C.
Previous research comparing feeding rates between zebra mussels and quagga mussels has yielded inconsistent results, with some reports of no differences in feeding rates (Ackerman, 1999; Baldwin et al., 2002 ) and other reports of higher feeding rates of quagga mussels (Diggins, 2001) . Our results suggest that these differences are likely attributable to variability in experimental design. Variation may also be amplified by failure to use sympatric mussels, which could lead to the description of population level differences instead of species level differences. This is particularly relevant for highly plastic animals such as zebra and quagga mussels (Peyer, Hermanson & LEE, 2010; Ventura et al., 2016) , because potent invasive species demonstrate high degrees of phenotypic plasticity (Davidson, Jennions & Nicotra, 2011) .
Clearance rates calculated here (10-44 ml/g mussel/h) are within the ranges quoted by other studies and are within the known range for dreissenid mussels (Horgan & Mills, 1997; Baldwin et al., 2002; Elliott, Aldridge & Moggridge, 2008) . The determination of type I responses for both species under all experimental conditions is congruent with previous research (Jeschke et al., 2002) and is partially due to the infinitesimally small handling and processing times of prey items (algal cells) for filter feeders. However, it is important to classify FR type since this may fluctuate under different contexts (Lipcius & Hines, 1986; Navarro et al., 1994; Bontes et al., 2007; Barrios-O'Neill et al., 2015) and bivalves may show FRs other than type I (Navarro et al., 1994; Bontes et al., 2007; Sarnelle et al., 2015) . FR type has implications for phytoplankton communities; for example, an invasive bivalve exhibiting a type III response would be expected to have a lower relative impact on phytoplankton abundance at low algal concentrations since feeding rate is reduced here. Our results suggest that both quagga and zebra mussels are liable to exhibit type I responses at most biologically-relevant algal concentrations and temperature conditions. This finding informs us that, at all but the most extreme algal concentrations, both species are likely to maintain a feeding rate that is proportional to the food available. The exhibition of a type I responses in dreissenids may contribute to the suppression of seasonal increases in phytoplankton (as seen in Lake Michigan; Fahnenstiel et al., 2010) , since feeding rates are not diminished even at high algal concentrations. Ackerman (1999) also reported that there were no detectable differences in the clearance rates in North American populations of D. polymorpha and D. bugensis of equal size. We might therefore expect the per capita effects of zebra mussels and quagga mussels on reduction of phytoplankton to be similar, at least under certain contexts. Understanding the per capita feeding rates of the two species under different contexts, such as varying temperature, is valuable for estimation of the potential impact of dreissenids, especially in water bodies colonized by both species.
Experimentally derived FRs have been shown to be an effective tool for predicting patterns of resource-use in natural systems. For example, Dick et al. (2013) were able to show that the degree of difference between invader and native FRs correlated closely with real field effects when comparing the bloody red shrimp Hemymysis anomala with native mysids. FRs have also been applied successfully to predict the impact of damaging herbivorous invaders such as Pomacea canaliculata (Xu et al., 2016) . Our study on the application of FRs to understanding the impacts of competitive exclusion by quagga mussels leads us to infer that ultimately it may not matter which mussel is dominant in terms of changes in microalgal communities, assuming equal mussel abundance. However, it is critical to have abundance data available to use in conjunction with FRs when engaging in ecological forecasting. Indeed, previous research has shown that natives may actually produce higher FRs than invaders and still be dramatically outcompeted due to far greater invasive abundance (Kelly et al., 2006) .
Quagga mussels can exist in far greater densities than zebra mussels, despite requiring a longer period of time to reach their maximum density (Karatayev et al., 2015) . Therefore, we may expect enhanced ecosystem-engineering impacts in quagga mussel-dominated systems, especially over long time-scales (Sousa et al., 2009) . The clearance of algae from the water by quagga mussels can lead to changes in the diversity and abundance of phytoplankton and zooplankton communities (Cross, Wong & Che, 2011) . Deeper light penetration through the water column can in turn benefit bottom-rooting macrophytes, which can become more abundant in the presence of dreissenid invasions (Aldridge, Elliot & Moggridge, 2004) . Increased structure provided by macrophytes can affect the community structure and abundance of epiphytic taxa, and provides refuge for many fish species (Macisaac, 1996) . While dreissenid mussels can affect invaded systems through processes other than their filter feeding, their primary ecosystem-engineering impacts come about through removal of algae, clearance of the water column and biodeposition of faeces and pseudofaeces. As such, understanding their context-dependent FRs can be very valuable in forecasting ecosystem-level impacts.
Our data on sympatric zebra mussels and quagga mussels suggest that competitive exclusion is not due to differences in resource use and calculated FRs show that this is likely to be consistent across the majority of biologically relevant algal concentrations. If our assumption is correct and competitive exclusion of zebra mussels by quagga mussels is not driven directly by disparities in resource use, then quagga mussels must possess another advantage or set of advantages that allow them to exclude zebra mussels. Postulated quagga mussel advantages include a wider range of spawning temperature (Orlova et al., 2004) , higher tolerance to low dissolved oxygen (Baldwin et al., 2002) , increased efficiency of food assimilation and lower rate of respiration (Stoeckmann & Garton, 1997) .
We advocate the further use of FRs to help to decipher invasive species interactions and as a diagnostic tool for understanding success, invader impacts and competition. Our study demonstrates the importance of including context dependency in the interpretation of FRs, and this context dependency also means that sympatric populations should be compared whenever possible, whether comparisons are being drawn between different invaders or between invasive and native counterparts (Dick et al., 2017) . Our study also reinforces the need to consider not only per capita effects when calculating FRs, but also to account for the abundance of individuals. Figure 2 . Dreissena polymorpha (zebra mussel; ZM, filled circles) and D. rostriformis bugensis (quagga mussel; QM, open circles) clearance rates across all temperatures. Regression lines are omitted as analysis revealed that only the zebra mussels at 4°C produced a slope marginally significantly different from zero. Data were removed for mussels that showed no clearance during the experimental period. Mean ± SE CRs (ml/g mussel/h) at 4°C: ZM (11.9 ± 3.3), QM (10.7 ± 2.9); 12°C: ZM (28.8 ± 6.0), QM (25.5 ± 8.0); 24°C: ZM (44.1 ± 6.0), QM (16.7 ± 3.1). ) for each species and temperature condition ( Fig. 1) with standard errors (SE).
